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Abstract

This report summaries the current JPL efforts of generating a Mars gravity field from
Viking 1 and 2 and Mariner 9 Doppler tracking data. The Mars50c solution is a complete gravity
field to degree and order 50, with solutions as well for the gravitational mass of Mars, Phobos,
and Deimos. The constants and models used to obtain the solution are given, and the method for
determining the gravity field is presented. The gravity field is compared to the best current gravity
field Goddard Mars Model 1 (GMM1) of Goddard Space Flight Center.
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1. Introduction

This report describes the JPL Mars gravity field, Mars50c, that is being provided to the
Mars Global Surveyor project. MarsS0c is a complete gravity field to degree and order 50 with
solutions for the gravitational masses of Mars, Phobos, and Deimos and the ephemerides of
Phobos and Deimos. This new field shows significantly better fitting to the Doppler data than
previous models. This improvement is probably due to a combination of attitude maneuver
modeling not in previous studies and the application of a different a priori technique on the gravity
field. This gravity field is considered as an intermediate product with fine-tune adjustments to come
as funding permits.

The first spacecraft measures of the gravity of Mars were extracted from Mariner 4 radio
tracking data (Null, 1969) with the determination of total mass and oblateness. That mass value is
in very close agreement to the results of this article and Smith et al. (1993). The next refinement
came from Mariner 9 data. The Doppler radio tracking data were analyzed by many investigators,
but they produced only low degree harmonic models. Generally these models were expanded to
degree and order six, which did, however, reveal the large Tharsis anomaly (Lorell et al., 1972;
1973; Born 1974; Jordan and Lorell 1975; Reasenberg et al., 1975; and Sjogren et al., 1975). In
1976, the Viking 1 and 2 orbiters produced a new unique set of data where periapsis altitudes were
near 300 km, as compared to 1400 for Mariner 9. However, again gravity modeling with
harmonics was at relatively low degree and order (6-12) (Reasenberg, 1977; Gapcynski et al.,
1977, Christensen and Williams, 1979; Christensen and Balmino, 1979). Balmino et al, (1982)
using the CDC 750 CYBER computer in France pushed the expansion to degree and order 18 (360
parameters) which was a large effort at that time.

The 1990s ushered in a new era for high-resolution gravity field models using classical
spherical harmonics. Prior to this, line-of-sight Doppler residual analysis revealed high-frequency
structure and its correlation with topography (Sjogren, 1979). The revolution in computer capacity,
speed, and cost reduction have allowed harmonic models to expand to 60th degree and order (3720
parameters) for the Moon (Konopliv et al., 1993b), 60th and 75th degree and order (5775
parameters) for Venus (Konopliv et al., 1995a, 1995b), and 30th degree and order (960
parameters, Lemoine, 1992) and 50th degree and order (2600 parameters, Smith et al, 1993) for
Mars. These models show detailed structure and allow analysis of individual features. As a result,
much of the old data acquired on Mariner 9 in 1971 and Viking 1 and 2 in 1976 to 1978 are being
reanalyzed using new techniques and new computing power.

The results of this report were generated on an HP755 workstation that produced an
iteration on all Mariner 9 and Viking data in 96 hours of continuous run time for the complete
model and ancillary parameters. We show how a newly developed a priori technique has refined
the resolution and has allowed the model parameters to maximize their amplitude. Even with this
ability, small systematic signatures still remain in the data that suggest higher degree and order
harmonics may need to be estimated.

The data set for this solution is identical to the data set used to determine the Goddard Mars
Model-1 (GMM1) of Smith et al. (1993) and includes Viking 1, Viking 2, and Mariner 9 Doppler
tracking data. Smith et. al. (1993) provides a complete description of the data set, i.e., groundtrack
coverage, data time spans, number of Doppler points, orbit information, etc.. Much background
information on Mars gravity determination (modeling of forces on the spacecraft, media
calibrations, range data, etc.) is also documented by Lemoine (1992).



2. Doppler Tracking

The Viking 1 and 2 orbiters and Mariner 9 spacecraft were tracked with two-way coherent
Doppler acquired at the Deep Space Network complexes at Goldstone, California; Madrid, Spain;
and Canberra, Australia. The Doppler data set used in this effort was originally collected by
Edward Christensen at JPL and carried to France for cooperative Mars gravity work with George
Balmino at Centre National des Etudes Spatiales (CNES). George then passed the data on to Dave
Smith at Goddard for their Mars gravity effort and now the data has come full circle as Goddard
returned the data to JPL for our gravity efforts. The data set is mostly complete, but there are some
passes missing (for example, the Viking 2 pass over Isidis on January 5, 1978) and the sample
time of the data is 60 seconds, whereas the original gravity data were 10-second samples. In
addition, we only have S-band uplink with S-band downlink data and do not have any of the the S-
band uplink with X-band downlink data. We have an ongoing low-level effort to try and locate
some of the Viking data (we have at least found the original data set that Edward Christensen took
to France). Many of the magnetic tapes have been lost in storage and some have been damaged and
are unreadable on the Univac computer.

The Doppler data are processed in many time spans or arcs of about 3 or 4 days in length.
Appendices 1, 2, and 3 list the data arcs created for the Mars50c gravity field effort for each orbiter
along with the number of points for the arc, the periapse altitude, and the periapse latitude. All the
Mariner 9 data were highly eccentric with an orbital period of 12 hours, an inclination of 64
degrees, and a high periapse altitude (>1300 km). The Viking orbiters were highly eccentric
orbiters with about a 24-hour orbital period. The Viking 1 orbit maintained about a 39-degree
inclination throughout its lifetime with the first part of the mission (to March 11, 1977) in a high
periapse altitude (=1500 km) orbit and the second part of the mission in a low periapse altitude
(=300 km) orbit. Viking 2 changed inclinations several times with 50- and 75-degree inclinations
for the high periapse altitude (=1500 km) orbits and 80-degree inclination for the lower periapse
altitude orbits of 700 km and 300 km. Figure 1 shows the combined Viking 1 and 2 coverage
below 500 km altitude. There are no low-altitude observations in the higher latitude regions of both
the north and south pole.

3. Modeling

The Doppler tracking data were processed using JPL's Orbit Determination Program (ODP,
see Moyer, 1971) in the coordinate system defined by the Earth's mean equator at J2000. The ODP
estimates the spacecraft state and other parameters using a weighted least-squares filter based upon
the square root of the information matrix (see Bierman, 1977). The parameters that are estimated
consist of arc-dependent or local variables (spacecraft state, etc.) that are determined separately for
each data arc (i.e., the arcs listed in Appendices 1, 2, and 3) and global variables (harmonic
coefficients, etc.) that are common to all the data arcs.

Initially, we converge the data arcs only with the local variables using the nominal values
for the global variables. The observations of each arc are weighted according to data root mean
square (rms) of that arc with a separate rms for each tracking station pass and the rms including
corrections for the count times of the observations. The actual data weight used is the rms
multiplied by a factor of two with an additional correction factor for the observation elevation. The
GMM 1 gravity field (Smith et al., 1993) was used as the nominal field for the generation of the
Mars50c gravity model and the generation of the satellite ephemeris of Phobos and Deimos. The
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Figure 2: Flowchart of Gravity Field Determination

use of an accurate gravity model (GMM1) made the determination of Mars50c much easier,
especially concerning data editing.

Once the local variables are converged, the global parameters are determined with a
technique described by Ellis (1980) that merges only the global parameter portion of the square
root information (or SRIF) arrays from all the arcs, but is equivalent to solving for the global
parameters plus local parameters of all arcs. This method is outlined in Figure 2. For the first arc,
the a priori SRIF matrix for the global variables is the zero matrix (i.e., no a priori) whereas for
each successive arc, the a priori SRIF for the global parameters is the resulting global SRIF from
the previous arc. The global SRIF is easily determined from the SRIF of all parameters (local plus
global) if the parameters are ordered such that all the local parameters are before the global
parameters. In this case, the SRIF for the global parameters is just the lower triangular subsection
of the entire SRIF (i.e., the rows for the global variables). The process can be divided into subsets
of data. In actuality, separate global SRIF arrays are determined for the Viking 1, Viking 2, and
Mariner 9 data sets, and the global SRIF arrays are merged allowing for fine-tune adjustments of
the data set weights. Once the global SRIF array is determined, the global variables are constrained
with a priori constraints. The a priori constraint on the gravity field will be discussed in the next
section.

The following global parameters are estimated: the normalized spherical harmonic
coefficients (Cpm, Sam) Of the gravity field complete to degree and order 50 (2597 parameters), the
gravitational constant times the mass of Mars (GM), the GM of Phobos, the GM of Deimos, and
the ephemerides of Phobos and Deimos (18 parameters). The spherical harmonic expansion of the
gravitational potential U is given by

U=GM ,GM

n
r T r 2 (aTe)n P,m(sin ¢) [Camcos mA + Spmsin mA]

2 m=0 (n

M s

n



where 1 is the distance from the center of the body, a is the mean radius of the body and is equal to
3394.2 km for our Mars models, Py, is the associated Legendre polynomial, ¢ is the latitude, A is
the longitude, and Cpy and Sppy, are the spherical harmonic coefficients for degree n and order m.
The normalized coefficients Cym and Sy are solved for and are related to the unnormalized
coefficients by (see Kaula, 1966)

(n+m)! 1/2(Cnm or Spm)
(2-6pm)(2n+1)(n-m)! 2)

(Enm or §nm) =

where dop, is the Kronecker delta function and Cno = -Jp. The harmonic coefficients of degree one
are fixed to zero since the origin of the coordinate system is chosen to be the center of mass of the
body.

For each data arc, the local variables estimated are the spacecraft state, three solar pressure
coefficients, a base density for the lower altitude Viking orbits (about 300-km periapse altitude),
known gas leaks and attitude maneuvers as spacecraft velocity increments, and one ionosphere
dayside and one nightside parameter. The solar pressure coefficients also dilute the adverse effects
of any unmodeled nonconservative spacecraft forces such as gas leaks. The ionosphere model is a
simple model that assumes a fixed Earth ionospheric bulge tied to the local mean solar time for the
duration of the arc (see Moyer, 1984).

The Viking orbiters had a three-axis stabilized attitude control system with a cold gas
attitude jet assembly on the end of the two solar panels. The control system was coupled and
resulted in minimal perturbations to the spacecraft orbit (except for long arcs where these errors
could accumulate and become significant). The jets were used to change the orientation of the
spacecraft and also to maintain attitude to within a several degree window. The latter required firing
the jets several times every hour. Hanover (1977) notes the failure of a Viking I roll jet on July 1,
1977 and a Viking 2 yaw jet on Nov. 2, 1977. Hence, all attitude maneuvers after these times are
uncoupled and can cause significant perturbations on the orbit. However, the pulses to maintain
attitude within the several degree window still mostly canceled because the second pulse is in an
equal and opposite direction to within a few degrees (Nicholson, 1995). From the handwritten
notes of Gene Hanover (1993), the uncoupled maneuver times (time at the spacecraft) are tabulated
in Appendix 4 for Viking 1 and Appendix 5 for Viking 2. These maneuvers are estimated as a
velocity increment in three directions. Also included in Appendices 4 and 5 are known gas leak
times at the midpoint of the gas leak. The gas leak may last for several hours but we only estimate a
velocity increment at the midpoint. After March 17, 1978 for Viking 2, there are so many gas leaks
that we estimate a velocity increment every 12 hours in all the data arcs to alleviate the errors in the
solution from the gas leak.

The International Astronomical Union (IAU) 1991 (Davies et al., 1992) rotational constants
specified the orientation of Mars and, hence, the gravity field. The JPL DE200 planetary ephemeris
(Standish, 1980) was used for calculation of the planetary point mass perturbations. The MAR027
Phobos and Deimos satellite ephemeris covered the Viking data time span for the calculation of the
point mass accelerations of Phobos and Deimos on the spacecraft, but no forces on Mariner 9 were
included due to Phobos and Deimos. MARO27 is a fit of the observations of Phobos and Deimos
to the Sinclair/Morley theory.

For the Doppler observables, averaged seasonal troposphere calibrations as given by Chao
(1972) were applied. Any observations below 10-degrees elevation were deleted because of



unmodeled troposphere effects. Daily UT1 and polar motion values from the JPL Space91 solution
(Gross, 1992) were included and DSN station locations are in the International Earth Rotation
Service (IERS) reference frame as given by Folkner (1991) with the AMO-2 plate motion model
and solid-Earth tides corrections added. Ideally, future solutions will include the frame tie
rotational offset between the IERS and planetary ephemeris frames, solve for the Mars ephemeris,
or use an ephemeris such as DE400 in the radio frame.

4. Gravity A Priori

Once all the global information is packed from all the data arcs, the gravity field is
constrained with an a priori. The common method to apply an a priori constraint on the gravity
field is to constrain each harmonic coefficient toward zero with an uncertainty given by the Kaula
rule (1966) for that particular planet (used, for example, in Konopliv et al. 1993a, Konopliv et al.
1993b, Nerem et al. 1993, McNamee et al. 1993, Smith et al., 1993, Lemoine, 1992). The Kaula
rule used for Mars is 13 x 10-5/ n2 where n is the degree of the coefficient.

The a priori constraint applied for this gravity field evaluates the radial acceleration and its
uncertainty on the reference sphere (i.e., r = a¢). At that surface, the radial acceleration (a,) from all
coefficients of degree n is given by

a, =M (n+ 1) 2 P m(sin ) (Comcos mA + Sppsin mA)
a% m=0 (3)

where P, are the normalized associated Legendre polynomials (see Kaula,1966). To create a
profile of acceleration contributions versus degree, the rms of the acceleration ay is obtained over
the sphere. The mean of the square of the acceleration (ap)ms of equation (3) is given by

n._ _ _ 2
[Z Py (sin §) (Camcos mA + Spmsin mA)] dé dA

m=0

_(GM 2 1 2r (m/2
(an)ms = [ a2 (n+1)] 4T lo j-n/2

Since the spherical harmonics are orthogonal, we obtain
n
2
(an)ms = [‘—38%M @+ D) Y, Cam+Sim)
m=0

As a good approximation, the rms magnitude spectrum of the gravity coefficients follows the
Kaula rule and is given by

n
Y (Cim+Sim)

m=0
= K/n2
1 n (4)

1/2

where K is the constant for the particular planet (13 x 10-5 for Mars). The expected acceleration
profile is then given by (for n >> 1)



(an)ems =~ KV
% (5)

which for Mars is

(an)rms = 68.35 / Yn milligals ©

This is the expected "signal” for the acceleration at each point on the surface of the reference
sphere. The signal could also be determined empirically by taking the rms of a given gravity field
over different regions. However, for this work, only one signal profile is used for all latitudes and
longitudes.

The next task is to map the acceleration uncertainty at the surface into an uncertainty profile
showing the error in acceleration versus harmonic degree. The acceleration uncertainty from the
summed contributions of all coefficients from degree 2 to n, o(ap ) is given by

a T
(a2) = —2 cov( Gap) Jazn
G2 0G3 n (7

where G2 p is the vector of all normalized gravity coefficients from degree 2 to n and cov(Ga p) is
the corresponding covariance. The covariance of the coefficients from degree 2 to n is the
covariance as if the higher degree coefficients are not estimated. Hence, it is a truncation, or sub
matrix, of the full 50th degree and order covariance without any constraint applied to the gravity
field. The partial of the acceleration with respect to the coefficients of degree n and order m are
functions of latitude and longitude and are given by

a_a2’n = GM (1 4 1) P,n(sin ¢) cos mA.
Chm %
(8)
a_az,,, - M (n + 1) Pyn(sin ¢) sin mA
aSnm a2

€

The uncertainty for the coefficients of degree n, 6(ap) is then given by the difference of the sum
total error to degree n and the sum total error to degree n-1 as

6(an) = o(az,n) - 6(azn.1) 9

Figure 3 shows the expected acceleration profile from the Kaula rule of equation (6) and the
unconstrained acceleration uncertainty profile as given by equation (9) for Olympus Mons, the
north pole, and the south pole. Also displayed are the actual contributions per degree to the peak
value of Olympus Mons for the Mars50c gravity field. In this case, the actual signal is substantially
stronger than the Kaula rule. The crossing point of the Kaula signal with the acceleration
uncertainty is called the degree strength of the gravity field for that particular latitude and longitude.
For degrees greater than the degree strength, the "noise" in the data exceeds the "signal." Based



upon the Kaula rule, the degree strengths for Olympus Mons, the north pole, and the south pole
are 26, 19, and 14, respectively. Figure 4 displays the degree strength on a global scale with the
maximum degree strength about harmonic degree 30 near the low-altitude periapse locations.

The basic idea of our gravity constraint method is to constrain the "noise" of the gravity
field to zero with some uncertainty when the "noise" exceeds the "signal.” The acceleration at the
surface from all harmonic coefficients greater than or equal to the degree strength is constrained to
zero with an uncertainty approximately equal to the expected signal at the degree strength. This
amounts to generating observations over the entire surface of the sphere based upon the degree
strength at each latitude and longitude. An observation (ap,50) for degree strength D is

S50 n
ap.so = M 2 2 (0 + 1) Pam(sin ¢) (Cpmcos mA + Symsin mA)
ag n=D m=0 (10)

and the linearized observation equation is given by (Bierman,1977)
Zi = Ai X +V

where z; is the difference between the observed value (zero in this case) and the nominal value of
the observation (the accumulated acceleration at the surface for degrees D to 50 from the GMM1
gravity model as given by equation (10)), A, is the row vector of observation partials, X is the
vector of estimated parameters (differences in the gravity coefficients from the nominal GMMI1
model), and v; is the observation error. The partials A to construct the observation equation are

_ dap 50
G

Aj

where G is the vector of all gravity coefficients. The elements of A; for coefficients with degrees
less than the degree strength D are zero and, otherwise, are again given by the partials of equation
(8).

The observations are then merged with the unconstrained gravity SRIF array using
Householder transformations. In normal form, the constrained gravity estimate x is written as

x = [cov(G) ! + ATWA]! [cov(G)'lxnoap + ATWz] (11)

where cov(G) is the unconstrained covariance of the gravity coefficients, A is the matrix of
observation partials with each row an observation, W is the diagonal weight matrix, Xnoap is the
unconstrained gravity estimate, and z is the vector of linearized observations. The new constrained
covariance P is then

P =[cov(G)! + ATWAJ" (12)
The observations should be spaced such that at least three observations are generated over the

shortest harmonic wavelength. The weight used for an observation is then proportional to the area
between observations and is approximately equal to the signal at the degree strength (i.e., 10 to 20



milligals). For Mars50c, the observations are globally spaced on a rectangular grid of latitude and
longitude with a spacing of two degrees. However, since the actual signals of Olympus Mons and
the other Tharsis volcanos are substantially stronger than the Kaula rule, the a priori observations
over these regions are relaxed. The a priori over Olympus Mons is removed completely and the a
priori over the other three volcanos is reduced by over an order of magnitude to several hundred
milligals. Instead of relaxing the a priori, one could use the observed signal profile over the
volcanos in place of the Kaula rule, and the degree strength would increase to about degree 40 for
Olympus. The a priori is also relaxed because the data are weighted according to the rms fit from
the GMM1 model. Future iterations on the gravity field will have a lower rms fit and hence tighter
data weight.

The result on the acceleration uncertainty profiles from applying the a priori observations
on the gravity field is displayed in Figure 5 for the Mars50c gravity field. The result for the polar
regions is a damped sinusoidal behavior for the uncertainty but very smooth behavior for the better
determined equatorial regions. The uncertainty for Olympus shows a large growth for the degrees
greater than about 40, but the signal in Figure 3 shows that there is limited strength for degrees
greater than 40 in the resulting gravity field. The observation data weights could be fine-tuned to
suppress the poles slightly further, but most likely will not change the result significantly.

The main advantage of using this spatial constraint instead of a straight Kaula rule on the
spectrum appears to be better determination of peak amplitudes. Since the well determined degrees
are not constrained directly (only somewhat through correlations), the amplitudes (and coefficients)
for those degrees are not biased toward zero. It is also flexible in allowing relaxation of selected
regions for any reason, such as incorrect data weighting. We originally published a similar but
different surface a priori technique in Konopliv et al (1995a), and this method evolved from that
work. We expect this method to be further refined as our efforts continue.

5. Mass and Other Determinations

The solutions and formal uncertainties for the gravitational masses (km3/s2) of Mars,
Phobos, and Deimos are given in Table 1. The solutions are given for Viking data only (Mars50b)
and for Viking and Mariner 9 data (Mars50c). The addition of the Mariner 9 data doesn't change
the mass solutions much. Since there is no estimate of Phobos and Deimos masses with the
Mariner 9 data, these solutions only change through the correlation with the gravity field. Our GM
solution agrees well with the solution from Smith et al. (1993) of 42828.36 + 0.05 and is within a
formal one-sigma.

The solution for the Phobos and Deimos ephemerides (a total of 9 parameters for each
satellite) only improves the parameters 401BET and 401GAM and does so by a factor of 20 based
upon the formal statistics (i.e., improves Phobos only and not Deimos). The a priori uncertainty on
the ephemeris is given by the formal covariance of the Phobos and Deimos observations fit to the

Table 1: Mars Gravitational Mass Solutions

Body Viking Data Only (Mars50b) Viking + Mariner 9 (Mars50c)
Mars: 42828.368 £ 0.0087 42828.370 £ 0.0086
Phobos: (7.106 £0.013 ) x 10-4 (7.090+0.012) x 104
Deimos: ( 1.586 + 0.081) x 10-4 (1.589 +0.081) x 104




Sinclair/Morley theory. These parameters are related to the precession of periapse and the orbit
plane, respectively. The resulting solution delta probably absorbs the effect of J3 on the orbital
plane which is not included in this satellite theory (Jacobson, 1995). With future solutions, we
hope to use an updated version of the Sinclair/Morley theory being developed by Jacobson that will
include the J3 effect, and the ephemeris will be extended to include the Mariner 9 time frame. With
this new ephemeris, we will be able to test how well our ephemeris corrections fit the Phobos and
Deimos observations that were used to generate the ephemeris. Also solved for are the J of
Phobos and Deimos. However the solution for J2 is about twice the formal statistic and the formal
statistic is about twice the.Phobos J, value as determined by Jim Miller (1990).

As a test, the Mars pole and rotation rate were estimated but the resulting solution change
from the IAU 1991 values was about the same size as the formal statistics. The formal errors from
the Mars50c solution are 0.0016 and 0.0007 degrees for the pole right ascension and declination
and 5.3 x 10-6 degrees/day for the rotation rate. The pole orientation error is slightly greater than
the orientation error as determined from the Viking lander data, which has errors in the Mars'
equator inclination and node of 0.0004 and 0.0009 degrees, respectively (Standish, 1995). The
Viking lander data, however, determines the rotation rate to a much higher accuracy of 0.11 x 106
degrees/day. Hence, there is no new rotational information in the gravity data.

6. Gravity Field Results

Appendix 6 lists all the 50 x 50 normalized coefficients and their formal uncertainties of the
Mars50c gravity field where the zonal coefficients are J, = -Cpo. A file containing the complete
field can be requested from the authors at ask @krait.jpl.nasa.gov. The normalized C31 and S2
coefficients and sigmas for the Viking-only solution (Mars50b) are (129 + 92) x 10-10 and
(-223 £ 91) x 10-10, respectively. The rms of the range residuals of the Viking landers (Standish,
1995) is 7 meters where the solution is for the Mars orientation without any offset between the
principal axis from the rotational pole (i.e., no wobble is included). A 10-8 value of Cp; and Sy
results in a principal axes offset of about 24 meters from the rotational pole, and since the Viking
landers detected no offset on the order of 7 meters, the C21 and Sz values should be no greater
than 30 x 10-10. The Mars50b solutions are within about two sigma of this value but the Mars50c
solution is within about four sigma of this value. The Mariner 9 data substantially reduce the
formal error for these coefficients. We interpret this to mean that the Mariner 9 data need to be
deweighted slightly (in the next solution) probably due to being plagued with gas leaks (O'Neil,
1973). The principal axes solutions are determined from the second degree coefficients and are
given in Table 2.

The surface acceleration for Mars50c is displayed in Figure 6, with the GMM1 model
displayed in the same format in Figure 7 for comparison. The acceleration is the radial acceleration

Table 2: Mars Principal Axes

Viking Only (Mars50b) Viking + Mariner 9 (Mars50c) GMM1
Axis Latitude Longitude Latitude Longitude Latitude Longitude
1 7.37579e-4 -15.2553 5.07064e-4 -15.2537 7.54161e-5 -15.2560
2 -6.41498e-4 74.7447 1.46352e-4 74.7463 2.58292e¢-4 74.7440
3 89.9990 123.730 89.9995 -179.154 89.9997 -121.533
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at the reference sphere of 3394.2 km in milligals from all the gravity coefficients except the J,
term. The models are very similar and differ the most in the Tharsis region. The geoid from
Mars50c is displayed in Figure 8 (again without J2) with the Tharsis rise clearly evident.

One method to test the degree strength is to plot the unconstrained gravity solutions for
truncations of the global SRIF array at various degrees. The degree strength of Figure 4 matches
fairly well with plots of the unconstrained solutions of degree 20, 30 and 40 as displayed in
Figures 9, 10, and 11. The higher and lower latitude regions in Figure 9 have gravity amplitudes
that oscillate wildly outside the bounds of the contour line values. The equatorial band is
determined to about degree 30, the north polar region is determined to about degree 20, and the
south polar region is determined to about degree 15.

The uncertainty in the surface acceleration and geoid are displayed in Figures 12 and 13.
The uncertainties mostly represent the errors up to the degree strength. The high uncertainties in the
Tharsis region are due to the relaxing of the a priori over those regions and include errors for the
degrees greater than the degree strength (i.e., 30 to 50). The rms magnitude spectrum is displayed
in Figure 14 along with the spectrum from GMM1 and the expected Kaula rule for Mars (13x10-
5/n2). The power in the Mars50c gravity field is substantially greater than the power of the GMM
model and is closer to the expected spectrum as given by the Kaula rule.

The residuals for all the data arcs are displayed in Figures 15 and 16 for Viking 1, in
Figures 17 and 18 for Viking 2, and in Figure 19 for Mariner 9 with the Viking arcs divided into
the high- and low-altitude arcs. The rms fit for both gravity fields uses the identical modeling
assumptions and is converged for that particular gravity field. The Mars50c model has an
advantage in that it is determined from these arcs, whereas the GMM]1 solution uses different time
spans. There is slight improvement versus the GMM1 model for many of the arcs but with
especially good improvement for the December 9,1977 arc of Viking 1, which has low multiple
periapse passes over Tharsis (the spike in Figure 16). The groundtrack for this arc is displayed in
Figure 20 with a symbol plotted every 60 seconds (the actual observations do not completely cover
Tharsis). Also during this time, there are several uncoupled attitude maneuvers that are estimated
and no doubt absorb some of the gravity signature for both GMM1 and Mars50c. The residuals of
this arc for Mars50c and GMM1 are displayed in Figures 21 and 22. Also, there is fairly good
improvement for the low-altitude Viking 2 data (300 km periapse) as shown by Figure 18. The
increase in rms for the November 1976 time frame is due to solar conjunction.

The surface acceleration for the Tharsis region for Mars50c and GMM1 is displayed in
Figures 23 and 24. The scale of these plots is such that they can be overlaid on top of the U.S.
Geological Survey (USGS) topographic map of Mars. The Mars50c peaks for the Tharsis
volcanos line up very well with the topographic highs and the circular region just to the northwest
of Olympus appears in the gravity field. Table 3 is a comparison of selected peak values in
milligals at the reference surface and their percent increase of Mars50c over GMMI1. By comparing
the no a priori solution for degree 30 (Figure 10) with the MarsSOc model, it appears that the peak
for Isidis should be increased by about 100 milligals by relaxing the surface constraint over Isidis.
This is one of the fine-tune adjustments that we plan to incorporate in the next solution. The geoid
peaks for Mars50c (see Figure 8) are 1560, 1460, 1500, and 1560 meters for Olympus, Arsia,
Pavonis, and Ascraeus, respectively.

Figure 25 shows the groundtrack of a low periapse pass of Viking 2 over Olympus Mons
and Arsia Mons where the points on the plot are the actual Doppler observation locations. Figures
26 and 27 show the residual fit for both Mars50c and GMM1 for Olympus Mons and Figures 28
and 29 show the residual fit for the pass over Arsia. The increased peak values of the volcanos
reduce the residual amplitude to near the data noise for Arsia and from 20 mm/s to 3 mm/s for
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Table 3;: Comparison of Peak Values for Surface Features

Peak Mars50c GMM1 Percent Increase
Olympus 2387 1438 66

Arsia 1646 844 95

Pavonis 1221 716 71

Ascraeus 1547 861 96

Alba 574 537 7

Isidis 331 246 35

Elysium 378 252 50

North Pole 95 -4

South Pole 232 127 83

Olympus. Unfortunately, we have not been able to obtain the 10-second data to better examine the
remaining signature in the residuals (which are 60-second Doppler points). However, a signature
still remains for Olympus Mons suggesting that a gravity field greater than degree and order 50 is
needed to model Olympus or that the a priori on the surrounding Tharsis region must be relaxed
further. Also, when we apply a straight Kaula a priori on the gravity spectrum and not the spatial a
priori, the residual amplitude of Olympus is 9.0 mm/s and the peak gravity value of Olympus is
1733 milligals. So for the Kaula rule solution, there is a substantial reduction in the gravity peak
amplitude, and we believe it is further from the true peak value because of the increase in residual
amplitude. Figure 30 shows the groundtrack of the Viking 2 low-altitude pass over Pavonis and
Ascraeus with the plot symbols again showing the actual Doppler observation locations. The
residual plots for Mars50c and GMM 1 over these two volcanos are shown in Figures 31, 32, 33,
and 34. The residual amplitude for Pavonis is reduced but some gravity signature remains. The
residual peak for Ascraeus does better and is reduced to near the data noise. Again, it would be
helpful to have the 10-second data. By adjusting the a priori further, obtaining the 10-second
Doppler data, and possibly solving to a higher harmonic degree, we should be able to eliminate all
the gravity signature in the residuals over the Tharsis volcanos.

Figures 35 and 36 show the Tharsis volcano peak values and their uncertainties versus the
harmonic degree at the reference sphere. The peak values are the sum of the contributions for all
the degrees up to the indicated degree and not the individual degree contributions as in Figures 3
and 5. We trust the peak values and uncertainties up to degree 30. However, beyond degree 30,
the amplitudes may still be suppressed somewhat because the a priori constraint on the surrounding
region constrains the coefficients of degree 30 and higher. The uncertainty of the peaks up to
degree 40 (60-80 milligals) matches the surrounding uncertainty as given by Figure 12 (i.e., the
Olympus peak is 2300 £ 80 for degree 40). The uncertainty for degrees greater than 40 may be
realistic in that the true amplitude may be several sigma greater than the Mars50c amplitude, but we
do not expect that the true amplitudes are less than the MarsS0c amplitudes.

The observed gravity peak values for Olympus Mons, Arsia, Pavonis, and Ascraeus listed
in Table 3 are not beyond bounds for the theoretical gravity based on best volume calculations (Wu
et al., 1984, 1988). Assuming an average density of 2.7 gm/cm3 and an uncompensated load, the
theoretical gravity of Olympus Mons based upon three flat disks is 2498 milligals with respect to a
2-km high base plain. Assuming a 9-km high base plain, the theoretical gravity peaks for Arsia,

12




£l

'si[nsar asayy Junsa) ur djay Jo aq £[aIns pynom
BIEp puod3s-g[ ay[, "(sndwA[Q Surpunoins eare oy se yons) pray Ayaeid oy uo jurensuos toud
© [eneds ay) Jo Juounsnlpe suny-suyy pue ‘ejep 1o[ddo( puodss-g1 ay; se [[om se ejep Jo sassed mau
410q -- eIep Junoen [eUONIppE J0J SuIyoIEss ‘Ye1odoeds ¢ JouLtRy aY) Jo syes[ ses oy jo $109}J9
[I' 943 q1osqe 01 s1oyourered ‘suowayds Arejoueid mou e ‘sowta( pue soqoyd 10j suswoyds 1912q
€ 9pn[oul 953y pue Y1om Ino ur JuswaAordur 1ayuny 105 sadueyo pauIIno os[e IRy A
"S[ESI[TW paIpuny [e12A0s IseaIour Kews A1) 1nq “ramo[ Aue aq 0} sopnyidure yead ay
193dx2 J0u 0p 9 “suoneAlasqo 1aiddo(y 34 JO s[enpisal Jun[nsal ay) Ul UOT}ONPAI WO} PIJUBLIEM
wI9s synsar osay |, -a1eydsoyiy 198uons e A[qeqoid pue Jusunsnipe d1eISOSI $SI] Yonuwr sajedIpul
PU® pajqnop jsowre sndwijQ o5 spmyjdure yead oy pnsai v sy "sopniridwe yead 1ony ureiqo o3
19pI0 Ul paxe[al 3q 03 soueds[oA 13yio oY) pue sndwA[Q) Ioao Jurensuod Ayaei8 ay) smoje pue [eneds
Inq [enodads 133uof ou st proy Aaeid oY) U0 Julensuod oy 1, 'ssadoid uonewnss ayy ur pay Aaerd
°43 UTeSUOS 0) pasn PoyIawW 3y} PUB ‘UoNN[os [ D ) 10§ S[QE[IBAR JOU SEM JBY) UONIN]OS Y} Ul
UOHEULIOJUL IaAndUBRW 9priIe JO uotsniour 9y3 o3 wred ur anp are SOJUAIJIP I$3Y [, 'uoISaI sisIey
4} UL SOUBI[0A 3y JO sanfea yead ay) u ST 90uaIaJJIp renueisqns AJuo ay1 pue ‘(¢661) ‘[e 10 YIS
J0 pray A3 paunuralap A[snoraaid ayp o) Tejruats K1oA s1 p[ayy ANAeIS oQGSIBIN oY,

suoIisnjouo)) ‘L

‘S[enplsar o) ur arnjeudts Jururewas ay) yim
JUIISISUOD ST STy} pue ‘S[ESI[[Iu )97 01 OOSZ JBau ST sndwA[Q jo spmirdure ann ay) ey Jedipul
SOAIND 9SIYJ, "210J3q PAUOTIUIUI SE ‘(G 0] (O $33189p druouLIRy 9y} 10 asearour 03 Aaeid ann
Y1 10adx2 om ‘g¢ pue /¢ s ur so[yoid AydeiSodo) woiy A11aess [BON2I103Y) AY) WOl “(wmn
SIy) seiq [ew Q1 ®) O 22139p 18 A)1AeId [BJ1131031 pue PaAIasqo yojew o3 Aaeid [eonaloay ay)
0} poppe sem seIq & ‘uredy -pajesuadwos jusorad ¢g st sndwA[Q ‘yidop ury g1 18 pue ‘Aseysosr
([N} 10§ papaau az1s 3ty Jo Juod1ad Gz Auo st 001 oy ‘wy ¢ jo yidap oyoJ e 1e uonesuadwod
104 "uonesuadwos Ay [ensed 10y AyderSodo woy Kj1ae1g oyl smoys g¢ 21nJig wy 067 St
sndw4|[Q 10§ yydop uonesuadwoo oy ‘vonesuadwod onelsost AIry ing Jununssy “srepy 10 Ansuap
UeQW oY) se cwo/ws G6'¢ pasn am pue ‘AyderSodoy 343 ut papnjout jou st sndwA[Q punore ured
3urpunons oy sours 9213ap e Ai1aeId poasasqo oy yojews Aydeiodor wioxy Ayae1d oy) axew oy
S[eS1[Iw (G7 JO SeIq © pappe am ‘sargo1d Ayaead pajesuadwion ay) 1o, wny 0SZ pue 00g Jo syidap
1e uonesuadwoos oneysost L1y pue uonesuadwos ou 10J [[om se umoys Aydes3odoy woly Ajaersd
) Yitm Jnq “92189p dlUOWLIRY SNSISA anfeA yead Ay1aei3 paatesqo ay) urede smoys L€ 2In31 ‘eiep
S} 033y uayy sem [spow oruouLrey [eoLayds Jopio pue 9o130p YIS, vV "opmine] N saa189p ¢z o)
€1 pue apmI3uol g $3313p §Z[- 01 Op- Jo SpUNoq 9y} 10y 92189p Juo jo [eAIAUI U Je sndwA|Q) 105
(SousIoyar 7861 SOSN 99s) dew §osN U1 330 pear aram sndwi£[Q Jo sUONLA3[e Sy [, ‘soruouLEey
reotroyds Suisn sndwk|Q 105 AyderSodoy woiy Anaeis [eonaioay) dy pare[noed oS[e 9M
‘paresuadwodun Apsour are soues[oa o) 181 sreadde Jf “snoviosy
pue ‘S1uoARq ‘eIsIy Ioj s[eSI[[Iw paipuny [e1oAas pue sndwA|Q 10§ [[eWS ST UONOLIIOD By} ‘€7
o314 woi] ‘surerd Surpunoxmns 3y Jo Ay1aei3 3y) I0J P3)oaLIod oq JSnu san[eA A1aeI3 paatasqo
oYy ‘uostredurod 104 ‘A[eandadsar ‘sreSipmw YOST PU® “60€1 ‘6S81 I8 SNoRIOSY puR ‘siuoAeq



Acceleration per degree (milligals)

Figure 3: Unconstrained Acceleration Uncertainty Profiles
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Figure 4: Mars50c Harmonic
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Figure 5: Constrained (Mars50c) Acceleration Uncertainty Profiles
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Figure 13: MarsS0c
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Figure 14: RMS Magnitude Spectrums
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Figure 15: Viking 1 Residual RMS for High Altitude Arcs
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Figure 16: Viking 1 Residual RMS for Low Altitude Arcs
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Figure 17: Viking 2 Residual RMS for High Altitude Arcs
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Figure 18: Viking 2 Residual RMS for Low Altitude Arcs
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Figure 19: Mariner 9 Residual RMS
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Figure 21: Viking 1 Tharsis Resids for
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Figure 22: Viking 1 Tharsis Resids for GMM1
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Tharsis Montes for Mars50c¢
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Figure 24: Tharsis Montes for GMM1
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Figure 26: Viking 2 Olympus Resids for MarsS0c
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Figure 27: Viking 2 Olympus Resids for GMM1
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Figure 30: Viking 2 Groundtrack Over Pavonis and Ascraeus
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Figure 31: Viking 2 Pavonis Resids for Mars50c¢
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Figure 33: Viking 2 Ascraeus Resids for MarsS0c
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Figure 35: Tharsis Total Peak Value vs. Degree
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Figure 36: Tharsis Total Peak Uncertainty vs. Degree
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Figure 37: Olympus Gravity From Topography
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Appendix 1
Viking 1 Data Arcs

Total Perispse Periapse

Arc Start Time Arc Stop Time Points Altitude Latitude
(hh:mm:ss) (hh:mm:ss) (km) {deg)
NOTE: Inclination for all Viking 1 arcs is 39 degrees

21-JUN-1976 20:39:50 25-JUN-1976 20:00:00 1242 1510.1 23.2
25-JUN-1976 20:00:00 29-JUN-1976 20:00:00 976 1508.1 23.6
29-JUN-1976 20:00:00 03-JUL-1976 20:00:00 1020 1508.9 23.8
03~JUL-1976 20:00:00 08-JUL-1976 22:00:00 1509 1508.6 24.2
09-JUL-1976 01:30:00 14-JUL-1976 06:00:00 1485 1509.4 25.5
14-JUL-1976 08:00:00 17-JUL-1976 14:00:00 781 1504.2 25.9
17-JUL-1976 14:00:00 20-JUL-1976 08:50:00 875 1505.1 26.2
23-JUL-1976 14:00:00 27-JUL-1976 14:00:00 1178 1503.6 26.7
27-JUL-1976 14:00:00 30-JUL-1976 14:00:00 735 1504.1 27.0
30-JUL-1976 14:00:00 01-AUG-1976 14:00:00 581 1503.3 27.3
01-AUG-1976 14:00:00 03-AUG-1976 02:00:00 416 1502.8 27.4
03-AUG-1976 02:00:00 06-AUG-1976 00:00:00 681 1502.1 27.6
06-AUG-1976 00:00:00 09-AUG-1976 14:00:00 861 1501.2 27.9
09-AUG-1976 14:00:00 12-AUG-1976 14:00:00 961 1499.9 28.2
12-AUG-1976 14:00:00 15-AUG-1976 14:00:00 895 1499.1 28.4
15-AUG-1976 14:00:00 18-AUG-1976 14:00:00 937 1498.2 28.7
18-AUG-1976 14:00:00 22-AUG-1976 04:00:00 751 1497.3 28.9
22-AUG-1976 11:00:00 26-AUG-1976 00:00:00 764 1496.1 29.2
26-AUG-1976 04:00:00 30-AUG-1976 04:00:00 1101 1494.2 29.5
30-AUG-1976 04:00:00 02-SEP-1976 21:00:00 1067 1492.8 29.8
02-SEP-1976 21:00:00 07-SEP-1976 00:00:00 1140 1491.8 30.1
07-SEP-1976 00:00:00 11-SEP-1976 18:40:00 1199 1490.1 30.4
11-SEP-1976 19:50:00 16-SEP-1976 20:00:00 1566 1487.3 30.7
16-SEP-1976 20:00:00 20-8SEP-1976 22:00:00 1314 1486.5 31.1
20-SEP-1976 22:40:00 24-SEP-1976 14:50:00 1119 1488.7 31.5
24-SEP-1976 17:10:00 29-SEP-1976 14:00:00 1111 1512.6 32.2
29-SEP-1976 14:00:00 03-0CT-1976 19:00:00 908 1510.6 32.5
03-0CT-1976 19:00:00 07-0CT-1976 19:00:00 591 1509.8 32.8
07-0CT-1976 19:00:00 11-0CT-1976 10:00:00 740 1508.6 33.1
11-0CT-1976 10:00:00 15-0CT-1976 08:00:00 996 1508.2 33.3
15-0CT-1976 08:00:00 19-0CT-1976 10:00:00 940 1507.4 33.5
19-0CT-1976 20:00:00 23-0CT-1976 12:00:00 753 1505.8 33.8
23-0CT-1976 12:00:00 27-0CT-1976 15:00:00 531 1505.3 34.1
27-0CT-1976 15:00:00 31-0CT-1976 09:00:00 949 1504.1 34.3
31-0CT-1976 16:00:00 04-NOV-1976 22:00:00 770 1503.0 34.5
05-NOV-1976 03:00:00 09-NOV-1976 05:00:00 951 1501.2 34.8
09-NOV-1976 05:00:00 12-NOvV-1976 18:00:00 398 1499.7 35.0
13-NOovV-1976 14:00:00 16-NOvV-1976 17:00:00 324 1497.6 35.3
06-DEC-1976 08:00:00 10-DEC-1976 23:00:00 902 1487.9 36.3
12-DEC-1976 18:00:00 17-DEC-1976 18:00:00 829 1485.9 36.6
18-DEC-1976 12:00:00 23-DEC-1976 02:00:00 533 1483.8 36.7
25-DEC-1976 03:00:00 30-DEC-1976 07:00:00 655 1484.8 36.9
01-JAN-1977 16:00:00 02-JAN-1977 22:00:00 272 1484.7 37.1
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Appendix 1: Viking 1 data arcs -- continued
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Appendix 1: Viking 1 data arcs -- continued
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Appendix 1: Viking 1 data arcs -- continued
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12
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338
118
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Appendix 2

viking 2 Data Arcs

Total perispse Periapse
Arc Start Time Arc Stop Time Points Altitude Latitude
(hh:mm:ss) (hh:mm:ss) {km) (deg)
07-AUG-1976 12:10:14 09-2UG-1976 17 35:00 511 1514.4 50.1
09-AUG-1976 17:40:00 14-AUG-1976 07 30:00 1000 1496.6 50.3
14-AUG-1976 09:10:00 18-AUG-1976 10:00:00 989 1498.3 50.5
18-AUG-1976 10:00:00 22-AUG-1976 00:00:00 869 1498.0 50.5
22-AUG-1976 00:00:00 25-AUG-1976 16:45:00 1000 1498.3 50.6
25-AUG-1976 18:30:00 27-AUG-1976 19:20:00 667 1419.9 51.9
27-AUG-1976 21:25:00 31-AUG-1976 21:00:00 1046 1485.8 52.1
31-AUG-1976 21:00:00 03-SEP-1976 19:00:00 877 1485.7 52.2
04-SEP-1976 21:00:00 08-SEP-1976 21:00:00 1243 1488.7 52.2
08-SEP-1976 21:00:00 12-SEP-1976 21:00:00 810 1490.0 52.3
12-SEP-1976 21:00:00 16-SEP-1976 21:00:00 1300 1491.8 52.4
20-SEP-1976 21:00:00 24-SEP-1976 21:00:00 814 1495.7 52.6
24-SEP-1976 21:00:00 28-SEP-1976 13:30:00 1106 1497.7 52.7
NOTE: Inclination change from 50 to 75 degrees on Sep. 30, 21h Tm
02-0CT-1976 02:23:00 06-0CT-1976 02:23:00 664 1505.3 63.7
06-0CT-1976 02:23:00 10-0CT-1976 02:23:00 885 1505.0 63.6
10-0CT-1976 02:23:00 14-0CT-1976 02:23:00 1033 1505.4 63.4
14-0CT-1976 02:23:00 18-0CT-1976 02:23:00 911 1506.6 63.3
18-0CT-1976 02:23:00 22-0CT-1976 02:23:00 770 1505.6 63.1
22-0CT-1976 02:23:00 26-0CT-1976 02:23:00 368 1506.8 62.9
26-0CT-1976 02:23:00 30-0CT-1976 02:23:00 778 1506.4 62.8
30-0CT-1976 02:23:00 03-NOV-1976 02:00:00 864 1507.1 62.6
03-NOV-1976 02:00:00 07-NOV-1976 02:00:00 902 1509.0 62.5
03-DEC-1976 08:00:00 08-DEC-1976 09:00:00 608 1513.2 61.3
11-DEC-1976 01:00:00 14-DEC-1976 23:00:00 761 1514.4 61.0
NOTE: Inclination change from 75 to 80 degrees on Dec. 21, 8h 54m
NOTE: Periapse altitude lowered on DecC. 21, 8h 54m
21-DEC-1976 09:00:00 25-DEC-1976 09:00:00 868 774.7 60.5
25-DEC-1976 09:00:00 29-DEC-1976 09:00:00 1040 773.9 60.3
29-DEC-1976 09:00:00 01-JAN-1977 16:00:00 711 773.8 59.9
02-JAN-1977 18:00:00 06-JAN-1977 00:00:00 673 773.4 59.6
07-JAN-1977 13:00:00 11-JAN-1977 17:00:00 517 773.3 59.3
12-JAN-1977 17:00:00 16-JAN-1977 20:00:00 606 772.7 58.8
17-JAN-1977 11:00:00 20-JAN-1977 00:00:00 489 771.5 58.4
25-JAN-1977 09:00:00 29-JAN-1977 00:00:00 587 770.3 57.8
31-JAN-1977 21:00:00 04-FEB-1977 16:00:00 454 768.0 57.3
07-FEB-1977 12:00:00 12-FEB-1977 08:00:00 598 766.4 56.8
14-FEB-1977 14:00:00 16-FEB-1977 13:00:00 231 763.9 56.2
18-FEB-1977 04:00:00 22-FEB-1977 08:00:00 637 762.6 55.9
22-FEB-1977 08:00:00 26-FEB-1977 14:00:00 484 760.8 55.5
27-FEB-1977 02:00:00 02-MAR-1977 21:00:00 378 757.9 55.2
02-MAR-1977 22:40:00 05-MAR-1977 05:00:00 379 747.9 54.4
06-MAR-1977 12:00:00 10-MAR-1977 12:00:00 341 747.3 54.1
17-MAR-1977 03:00:00 20-MAR-1977 19:00:00 257 744.9 53.2
21-MAR-1977 04:00:00 25-MAR-1977 12:00:00 501 744 .2 52.8
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Appendix 2: Viking 2 data arcs -- continued

27-MAR-1977
31-MAR-1977
06-APR-1977
13-APR-1977
19-APR-1977
01-MAY-1977
10-MAY-1977
16-MAY-1977
22-MAY-1977
30-MAY-1977
07-JUN-1977
13-JUN-1977
18-JUN-1977
25-JUN-1977
05-JUL-1977
09-JUL-1977
18-JUL-1977
22-JUL-1977
26-JUL-1977
02-AUG-1977
07-AUG-1977
12-AUG-1977
19-AUG-1977
23-AUG-1977
27-AUG-1877
31-AUG-1977
07-SEP-1977
12-SEP-1977
20-SEP-1977
26-SEP-1977
01-0CT-1977
05-0CT-1977
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17:
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11:
06:
23:
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16:
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02:
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19-0CT-1977

16:

22

21:
14:

NOTE: Periapse
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31-MAR-1977
03-APR-1977
10-APR-1977
17-APR-1977
23-APR-1977
04-MAY-1977
15-MAY-1977
21-MAY-1977
27-MAY-1977
03-JUN-1977
11-JUN-1977
16-JUN-1977
21-JUN-1977
29-JUN-1977
09-JuL-1977
12-JUL-1977
22-JUL-1977
24-JUL-1977
30-JUL-1977
05-AUG-1977
11-AUG-1977
16-AUG-1977
23-AUG-1977
27-AUG-1977
31-AUG-1977
05-SEP-1977
10-SEP-1977
16-SEP-1977
24-SEP-1977
30-SEP-1977
05-0CT-1977
09-0CT-1977
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21:
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Appendix 2: Viking 2 data arcs -- continued

02-JAN-1978
06-JAN-1978
08-JAN-1978
11-JAN-1978
17-JAN-1978
20-JAN-1978
27-JAN-1978
02-FEB-1978
04-FEB-1978
08-FEB-1978
11-FEB-1978
18-FEB-1978
27-FEB-1978
03-MAR-1978
10-MAR-1978
14-MAR-1978
23-MAR-1978
28-MAR-1978
02-APR-1978
10-APR-1978
15-APR-1978
21-APR-1978
27-APR-1978
29-APR-1978
07-MAY-1978
14-MAY-1978
20-MAY-1978
25-MAY-1978
01-JUN-1978
04-JUN-1978
10-JUN-1978
16-JUN-1978
20-JUN-1978
24-JUN-1978
01-JUL-1978
07-JUL-1978
12-JUL-1978
17-JUL-1978
23-JUL-1978

: 00
: 00
: 00
: 00
: 00
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: 00
: 00
: 00
: 00
: 00
: 00
: 00
: 00
: 00
:00
: 00
: 00
: 00
: 00
: 00
: 00
: 00
: 00
: 00
: 00
: 00
: 00
: 00
:00
: 00
: 00
: 00

05-JAN-1978
08-JAN-1978
11-JAN-1978
15-JAN-1978
19-JAN-1978
22-JAN-1978
31-JAN-1978
04-FEB-1978
08-FEB-1978
11-FEB-1978
15-FEB-1978
22-FEB-1978
02-MAR-1978
08-MAR-1978
14-MAR-1978
18-MAR-1978
27-MAR-1978
01-APR-1978
07-APR-1978
13-APR-1978
18-APR-1978
22-APR-1978
29-APR-1978
30-APR-1978
12-MAY-1978
18-MAY-1978
23-MAY-1978
29-MAY-1978
04-JUN-1978
07-JUN-1978
15-JUN-1978
20-JUN-1978
24-JUN-1978
27-JUN-1978
05-JUL-1978
11-JUL-1978
16-JUL-1978
21-JUL-1978
25-JUL-1978
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706
436
274
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335
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504
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936
1099
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754
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176
280
461
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1246
528
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567
258
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Appendix 3

Mariner 9 Data Arcs

Total Perispse Periapse
Arc Start Time Arc Stop Time Points Altitude Latitude
(hh:mm:ss) (hh:mm:ss) {km) (deg)

NOTE: Inclination for all Mariner 9 arcs is 64 degrees

14-NOV-1971 01:30:00 16-NOV-1971 03:00:00 722 1392.7 -22.4
16-NOV-1971 03:00:00 18-NOV-1971 20:00:00 903 1383.8 -21.8
18-NOV-1971 20:00:00 21-NOV-1971 10:00:00 581 1382.3 -21.8
21-NOV-1971 10:00:00 24-NOV-1971 10:00:00 909 1384.1 -21.9
24-NOV-1971 10:00:00 27-NOV-1971 07:00:00 943 1386.8 -22.0
27-NOV-1971 07:00:00 30-NOV-1971 07:00:00 1083 1386.9 -22.2
30-NOV-1971 07:00:00 03-DEC-1971 07:30:00 1038 1384.8 -22.2
03-DEC-1971 07:30:00 06-DEC-1971 07:30:00 1063 1382.1 -22.1
06-DEC-1971 07:30:00 08-DEC-1971 09:00:00 692 1380.9 -22.1
08-DEC-1971 09:00:00 09-DEC-1971 20:00:00 524 1381.6 -22.2
09-DEC-1971 20:00:00 12-DEC-1971 20:00:00 1071 1382.3 -22.2
12-DEC-1971 20:00:00 15-DEC-1971 20:00:00 1043 1384.9 -22.3
15-DEC-1971 20:00:00 18-DEC-1971 20:00:00 1152 1385.5 -22.4
18-DEC-1971 20:00:00 21-DEC-1971 08:00:00 839 1383.2 ~-22.5
21-DEC-1971 08:00:00 24-DEC-1971 08:00:00 1154 1380.8 ~-22.5
24-DEC-1971 08:00:00 27-DEC-1971 08:00:00 1325 1375.1 -22.4
27-DEC-1971 08:00:00 30-DEC-1971 20:00:00 1626 1379.8 -22.5
30-DEC-1971 20:00:00 02-JAN-1972 20:00:00 1307 1645.1 -23.3
02-JAN-1972 20:00:00 05-JAN-1972 20:00:00 997 1646.2 -23.3
05-JAN-1972 20:00:00 08-JAN-1972 20:00:00 1391 1644.7 ~-23.4
08-JAN-1972 20:00:00 11-JAN-1972 20:00:00 1486 1641.7 -23.4
11-JAN-1972 20:00:00 14-JAN-1972 20:00:00 1425 1639.6 -23.3
14-JAN-1972 2G:00:00 17-JAN-1972 20:00:00 1257 1639.7 -23.3
17-JAN-1972 20:00:00 20-JAN-1972 20:00:00 1296 1642.0 -23.4
20-JAN-1972 20:00:00 23-JAN-1972 20:00:00 1332 1644.4 -23.5
23-JAN-1972 20:00:00 25-JAN-1972 20:00:00 1201 1644.3 -23.6
26-JAN-1972 20:00:00 29-JAN-1972 20:00:00 1367 l641.7 -23.6
29-JAN-1972 20:00:00 01-FEB-1972 20:00:00 1407 1639.0 -23.6
01-FEB-1972 20:00:00 04-FEB-1972 20:00:00 1366 1638.0 -23.6
04-FEB-1972 20:00:00 07-FEB-1972 20:00:00 1319 1639.4 -23.6
07-FEB-1972 20:00:00 10-FEB-1972 20:00:00 1060 1642.1 -23.7
10-FEB-1972 20:00:00 13-FEB-1972 20:00:00 1145 1643.6 -23.8
13-FEB-18972 20:00:00 16-FEB-1972 20:00:00 1053 1642.3 -23.8
16-FEB-1972 20:00:00 19-FEB-1972 20:00:00 974 1638.7 -23.8
19-FEB-1972 20:00:00 22-FEB-1972 20:00:00 838 1637.8 -23.7
22-FEB-1972 20:00:00 25-FEB-1972 20:00:00 688 1638.1 -23.8
25-FEB-1972 20:00:00 28-FEB-1972 20:00:00 878 1640.6 -23.8
28-FEB-18972 20:00:00 02-MAR-1972 20:00:00 813 1643.4 -23.9
02-MAR-~1972 20:00:00 05-MAR-1972 20:00:00 931 1643.6 -24.0
05-MAR-1972 20:00:00 08-MAR-1972 20:00:00 785 1641.4 -24.0
08-MAR-1972 20:00:00 11-MAR-1972 20:00:00 630 1639.0 -24.0
11-MAR-1972 20:00:00 14-MAR-1972 20:00:00 1042 1638.3 -23.9
14-MAR-1972 20:00:00 17-MAR-1972 20:00:00 904 1639.9 -24.0
17-MAR-1972 20:00:00 20-MAR-1972 20:00:00 961 1642.9 -24.0
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Appendix 3: Mariner 9 data arcs -- continued

20-MAR-1972
23-MAR-1972
26-MAR-1972
01-APR-1972
05-APR-1972
10-APR-1972

20:
20:
20:
20:
16:
15:

00

60

: 00
00:

00

:00
00:
00:
00:

00
00
00

23-MAR-1972
26-MAR-1972
29-MAR-1972
04-APR-1972
09-APR-1972
14-APR-1972

20:
20:
20:
03
06:
06:
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00
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1646.
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Appendix 4
Viking 1 Uncoupled Attitude Maneuvers and Gas Leaks

19-SEP-1977 06:26:00
19-SEP-1977 16:58:00

Attitude Maneuver Times

03-JUL-1977 21:50:00 21-SEP-1977 12:52:00
03-JUL-1977 23:01:00 21-SEP-1977 17:04:00
08-JUL-1977 21:38:00 23-SEP-1977 18:04:00
08-JUL-1977 22:50:00 24-SEP-1977 05:18:00
11-JUL-1977 21:36:00 24-SEP-1977 13:48:00
11-JUL-1977 22:52:00 24-SEP-1977 16:58:00
14-JUL-~1977 18:15:00 26-SEP-1977 15:37:00
18-JUL-1977 19:19:00 26-SEP-1977 16:22:00
18-JUL-1977 20:04:00 27-SEP-1977 12:51:00
24-JUL-1977 17:56:00 27-SEP-1977 16:57:00
24-JUL-1977 19:23:00 27-SEP-1977 22:49:00
29-JUL-1977 18:11:00 28-SEP-1977 05:39:00
29-JUL~1977 18:54:00 29-SEP-1977 18:05:00
04-AUG-1977 17:11:00 30-SEP-1977 05:20:00
04-AUG-1977 18:14:00 30-SEP-1977 12:40:00
05-AUG-1977 16:09:00 30-SEP-1977 23:40:00
05-AUG-1977 18:09:00 03-0CT-1977 12:38:00
16-AUG-1977 16:07:00 03-0CT-1977 17:05:00
16-AUG-1977 18:32:00 06-0CT-1977 12:28:00
17-AUG-1977 18:37:00 06-0CT-1977 23:25:00
17-AUG-1977 19:59:00 09-0CT-1977 12:25:00
19-AUG-1977 20:32:00 09-0CT-1977 17:45:00
20-AUG-1977 01:17:00 10-0CT-1977 03:45:00
21-AUG-1977 13:06:00 12-0CT-1977 12:20:00
21-AUG-1977 18:42:00 12-0CT-1977 16:32:00
21-AUG-1977 19:52:00 14-0CT-1977 17:45:00
22-AUG-1977 20:47:00 15-0CT-1977 04:00:00
22-AUG-1977 21:52:00 15-0CT-1977 10:55:00
29-AUG-1977 18:28:00 15-0CT-1977 16:26:00
29-AUG-1977 21:35:00 16-0CT-1977 06:30:00
31-AUG-1977 18:33:00 16-0CT-1977 16:45:00
01-SEP-1977 07:43:00 18-0CT-1977 12:20:00
02-SEP-1977 20:04:00 18-0CT-1977 16:20:00
02-SEP-1977 21:15:00 21-0CT-1977 05:43:00
04-SEP-1977 16:46:00 21-0CT-1977 16:45:00
04-SEP-1977 18:18:00 24-0CT-1977 12:05:00
06-SEP-1977 20:00:00 24-0CT-1977 17:28:00
07-SEP-1977 07:40:00 26-0CT-1977 15:00:00
10-SEP-1977 17:18:00 26-0CT-1977 17:18:00
10-SEP-1977 18:24:00 28-0CT-1977 09:18:00
11-SEP-1977 06:09:00 30-0CT-1977 18:09:00
13-SEP-1977 06:28:00 31-0CT-1977 01:34:00
13-SEP-1977 07:24:00 01-NOV-1977 15:20:00
14-SEP-1977 19:45:00 01-NOV-1977 16:52:00
14-SEP-1977 20:56:00 03-NOV-1977 14:45:00
16-SEP-1977 13:01:00 03-NOV-1977 16:46:00
16-SEP-1977 17:04:00 04-NOV-1977 03:37:00
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Appendix 4: Viking 1 Uncoupled Attitude Maneuvers and Gas Leaks-- continued

06-NOV-1977 14:34:00 16-JAN-1978 10:52:00
06-NOV-1977 16:47:00 16-JAN-1978 14:28:00
06-NOV-1977 23:34:00 16-JAN-1978 15:25:00
07-NOV-1977 16:10:00 19-JAN-1978 09:30:00
11-NOV-1977 13:07:00 19-JAN-1978 10:53:00
11-NOV-1977 16:35:00 19-JAN-1978 13:14:00
11-NOV-1977 18:15:00 19-JAN-1978 14:54:00
12-NOV-1977 09:05:00 21-JAN-1978 09:47:00
15-NOV-1977 14:36:00 21-JAN-1978 10:41:00
15-NOV-1977 16:38:00 24-JAN-1978 09:21:00
18-NOV-1977 15:15:00 24-JAN-1978 10:15:00
18-NOV-1977 17:15:00 27-JAN-1978 08:49:00
19-NOV-1977 14:32:00 27-JAN-1978 09:42:00
19-NOV-1977 16:03:00 27-JAN-1978 14:15:00
20-NOV-1977 17:35:00 27-JAN-1978 15:03:00
20-NOV-1977 18:52:00 29-JAN-1978 06:15:00
21-NOV-1977 18:30:00 29-JAN-1978 08:12:00
23-NOV-1977 14:15:00 29-JAN-1978 08:33:00
23-NOV-1977 16:05:00 30-JAN-1978 08:22:00
28-NOV-1977 14:07:00 30-JAN-1978 11:45:00
28-NOV-1977 17:48:00 02-FEB-1978 07:47:00
03-DEC-1977 14:00:00 02-FEB-1978 08:41:00
03-DEC-1977 16:20:00 04-FEB-1978 07:32:00
05-DEC-1977 16:50:00 04-FEB-1978 11:15:00
05-DEC-1977 17:13:00 06-FEB-1978 07:17:00
07-DEC-1977 13:55:00 06-FEB-1978 11:32:00
07-DEC-1977 17:36:00 06-FEB-1978 12:38:00
09-DEC-1977 14:04:00 06-FEB-1978 13:57:00
09-DEC-1977 15:14:00 07-FEB-1978 10:46:00
10-DEC-1977 13:52:00 07-FEB-1978 13:31:00
10-DEC-1977 15:49:00 08-FEB-1978 09:46:00
14-DEC-1977 12:54:00 08-FEB-1978 11:10:00
14-DEC-1977 16:19:00 11-FEB-1978 05:49:00
18-DEC-1977 12:20:00 11-FEB-1978 07:58:00
18-DEC-1977 16:22:00 14-FEB-1978 15:03:00
24-DEC-1977 12:02:00 14-FEB-1978 16:03:00
24-DEC-1977 16:02:00 15-FEB-1978 11:45:00
25-DEC-1977 16:32:00 15-FEB-1978 12:18:00
25-DEC-1977 17:12:00 25-FEB-1978 12:30:00
27-DEC-1977 05:26:00 25-FEB-1978 14:07:00
27-DEC-1977 16:01:00 28-FEB-1978 01:56:00
30-DEC-1977 11:28:00 28-FEB-1978 07:20:00
30-DEC-1977 15:48:00 07-MAR-1978 12:19:00
01-JAN-1978 16:59:00 07-MAR-1978 13:40:00
01-JAN-1978 18:14:00 17-MAR-1978 11:08:00
04-JAN-1978 09:30:00 17-MAR-1978 13:13:00
06-JAN-1978 16:07:00 07-APR-1978 01:28:00
06-JAN-1978 16:47:00 07-APR-1978 11:12:00
12-JAN-1978 10:08:00 11-APR-1978 01:50:00
12-JAN-1978 11:01:00 11-APR-1978 02:18:00
14-JAN-1978 09:32:00 14-APR-1978 01:10:00
14-JAN-1978 10:55:00 14-APR-1978 10:55:00
16-JAN-1978 09:29:00 16-APR-1978 01:10:00
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Appendix 4: Viking 1 Uncoupled Attitude Maneuvers and Gas Leaks-- continued

16-APR-1978 02:15:00 07-JUL-1978 15:45:00
20-APR-1978 01:30:00 10-JUL-1978 05:55:00
20-APR-1978 11:25:00 10-JUL-1978 16:40:00
23-APR-1978 01:32:00 12-JUL-1978 23:33:00
23-APR-1978 02:09:00 13-JUL-1978 11:38:00
29-APR-1978 01:28:00 16-JUL-1978 05:50:00
29-APR-1978 02:02:00 16-JUL-1978 18:07:00
02-MAY-1978 01:23:00 18-JUL-1978 09:27:00
02-MAY-1978 01:57:00 18-JUL-1978 11:04:00
05-MAY-1978 01:16:00 19-JUL-1978 05:07:00
05-MAY-1978 01:52:00 19-JUL-1978 16:11:00
08-MAY-1978 00:37:00 22-JUL-1978 05:43:00
08-MAY-1978 10:55:00 22-JUL-1978 16:53:00
11-MAY-1978 13:35:00 25-JUL~-1978 05:40:00
11-MAY-1978 14:28:00 25-JUL-1978 16:10:00
14-MAY-1978 00:55:00 28-JUL-1978 00:33:00
14-MAY-1978 10:55:00 28-JUL-1978 16:47:00
19-MAY-1978 03:15:00 30-JUL-1978 23:07:00
19-MAY-1978 11:23:00 31-JUL-1978 16:12:00
22-MAY-1978 08:52:00 02-AUG-1978 05:07:00
22-MAY-1978 11:18:00 02-AUG-1978 16:12:00
25-MAY-1978 00:44:00 05-AUG-1978 23:00:00
25-MAY-1978 12:08:00 06-AUG-1978 15:30:00
28-MAY-1978 08:38:00 09-AUG-1978 05:25:00
28-MAY-1978 23:41:00 09-AUG-1978 20:17:00
01-JUN-1978 07:56:00 11-AUG-1978 22:48:00
01-JUN-1978 10:37:00 12-AUG-1978 15:18:00
04-JUN-1978 05:26:00 15~-AUG-1978 04:42:00
04-JUN-1978 10:30:00 15-AUG-1978 19:04:00
07-JUN-1978 05:26:00 18-AUG-1978 08:10:00
07-JUN-1978 10:30:00 18-AUG-1978 09:44:00
09-JUN-1978 10:42:00 19-AUG-1978 05:02:00
09-JUN-1978 11:43:00 19-AUG-1978 14:14:00
09-JUN-1978 22:50:00 22-AUG-1978 03:46:00
10-JUN-1978 10:23:00 15-SEP-1978 08:59:00
13-JUN-1978 05:14:00 15-SEP-1978 10:38:00
13-JUN-1978 10:15:00 29-SEP-1978 09:20:00
16-JUN-1978 05:03:00 29-SEP-1978 10:45:00
16-JUN-1978 10:06:00 02-0CT-1978 06:48:00
16-JUN-1978 16:23:00 02-0CT-1978 08:33:00
19-JUN-1978 04:54:00 02-0CT-1978 09:35:00
19-JUN-1978 10:10:00 14-0CT-1978 07:28:00
21-JUN-1978 23:47:00 14-0CT-1978 08:29:00
22-JUN-1978 17:36:00 18-0CT-1978 07:00:00
25-JUN-1978 06:20:00 18-0CT-1978 07:30:00
25-JUN-1978 10:00:00 02-NOV-1978 09:00:00
28-JUN-1978 06:29:00 02-NOV-1978 11:00:00
28-JUN~-1978 17:48:00 03-NOV-1978 08:43:00
01-JUL-1978 05:32:00 03-NOV-1978 10:20:00
01-JUL-1978 09:47:00 07-NOV-1978 10:20:00
04-JUL-1978 06:06:00 07-NOV-1978 12:21:00
04-JUL-1978 17:51:00 09-NOV-1978 06:01:00
07-JUL-1978 05:20:00 09-NOV-1978 07:28:00
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Appendix 4: Viking 1 Uncoupled Attitude Maneuvers and Gas Leaks-- continued

09-NOV-1978 08:29:00
19-NOV-1978 07:28:00
19-NOV-1978 08:17:00
21-NOV-1978 08:09:00
21-Nov-1978 10:23:00
26-NOV-1978 05:45:00
26-NOV-1978 11:48:00
06-DEC-1978 22:10:00

Gas Leak Times

13-FEB-1978 11:00:00
14-FEB-1978 12:15:00
19-FEB-1978 11:00:00
21-FEB-1978 23:00:00
10-APR-1978 00:00:00
11-APR-1978 14:40:00
12-APR-1978 07:00:00
12-APR-1978 23:00:00
15-APR-1978 07:00:00
16-APR-1978 19:00:00
17-APR-1978 05:00:00
18-APR-1978 10:00:00
19-APR-1978 02:00:00
23-APR-1978 10:15:00
28-APR-1978 18:00:00
29-APR-1978 09:20:00
21-DEC-1978 21:00:00
22-DEC-1978 12:00:00
23-DEC-1978 00:00:00
23-DEC-1978 12:00:00
24-DEC-1978 00:00:00
24-DEC-1978 16:30:00
25-DEC-1978 02:00:00
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Viking 2 Uncoupled Attitude Maneuvers and Gas Leaks

Appendix §

Attitude Maneuver

Times

02-NOV-1977
02-Nov-1977
04-NOV-1977
04-NOV-1977
04-NOV-1977
07-Nov-1977
07-NOV-1977
07-NOV-1977
07-NOV-1977
11-NOv-1977
11-NOV-1977
13-NOV-1977
13-Nov-1977
14-NOV-1977
14-NOV-1977
16-NOV-1977
16-NOV-1977
19-NOV-1977
19-NOV-1977
21-NOv-1977
21-Nov-1977
22-Nov-1977
22-Nov-1977
27-NOV-1977
27-NOov-1977
27-NOvV-1977
29-NOV-1977
29-Nov-1977
30-NOV-1977
30-NOV-1977
03-DEC-1977
03-DEC-1977
03-DEC-1977
03-DEC-1977
05-DEC-1977
05-DEC-1977
07-DEC-1977
07-DEC-1977
10-DEC-1977
10-DEC-1977
16-DEC-1977
16-DEC-1977
17-DEC-1977
17-DEC-1977
22-DEC-1977
22-DEC-1977
23-DEC-1977
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23-DEC-1977
28-DEC-1977
28-DEC-1977
28-DEC-1977
01-JaN-1978
01-JAN-1978
02-JAN-1978
02-JAN-1978
04-JAN-1978
04-JAN-1978
04-JAN-1978
08~JaN-1978
08-JAN-1978
10-JAN-1978
10-JAN-1978
10-JaN-1978
13-JaN-1978
13-JAN-1978
16-JAN-1978
16-JAN-1978
17-JAN-1978
17-JAN-1978
20-JAN-1978
20-JAN-1978
21-JAN-1978
21-JAN-1978
22-JAN-1978
22-JAN-1978
27-JAN-1978
27-JAN-1978
30-JAN-1978
30-JAN-1978
02-FEB-1978
02-FEB-1978
02-FEB-1978
04-FEB-1978
04-FEB-1978
08-FEB-1978
08-FEB-1978
08-FEB-1978
11-FEB-1978
11-FEB-1978
12-FEB-1978
12-FEB-1978
14-FEB-1978
14-FEB-1978
19-FEB-1978
19-FEB-1978
20-FEB-1978

09
04
07
08
06
08

05:

07
04
07

08:
:29
:11
:03
:47:
41
45
:30
03:

07
08
04
07

08:
06:

08

07
07
08
07

04

06:
:13
16:
50:
: 00
:00
: 00
:00
54:
:00
:54
:16:
:20:
06:
:42
:00
06:
06:
07:
: 47
36:
55:
: 00

07

08:
04:
06:
07:
:15
04:
06:

08

08
06
08
04

07
05

04

10:
06:
07:
04:

:04
:15:
:08
:34
:52
:25
57:
:22
: 09
:21:
:00
: 00
: 00
:00

07

52

53

55
15

28

37

14

51

46:

: 00

00

: 00
: 00
: 00
:00

00

:00
:00

00

00
00
00

:00
: 00
:05:
:28
:42
: 07
08:

00

:00
: 00
: 00
48:
:30:
: 00
: 00

00
00

00
00

00

:00
: 00

00
00

: 00
: 00
: 00
:00
07:
16:
:00

00
00

00
00

00



Appendix 5: Viking 2 Uncoupled Attitude Maneuvers and Gas Leaks-- continued

20-FEB-1978 06:22:00
20-FEB-1978 08:52:00
21-FEB-1978 20:35:00
25-FEB-1978 06:29:00
25-FEB-1978 10:06:00
01-MAR-1978 06:11:00
01-MAR-1978 08:42:00
02-MAR-1978 06:19:00
02-MAR-1978 09:22:00
07-MAR-1978 06:14:00
07-MAR-1978 08:49:00
09-MAR-1978 06:26:00
09-MAR-1978 07:31:00
11-MAR-1978 05:55:00
11-MAR-1978 07:04:00
12-MAR-1978 05:53:00
12-MAR-1978 07:18:00
15-MAR-1978 05:31:00

GCas Leak Times

01-NOV-1977 12:00:00
02-NOV-1977 04:00:00
08-FEB-1978 21:00:00
10-FEB-1978 03:35:00
11-FEB-1978 22:36:00
12-FEB-1978 00:55:00
12-FEB-1978 19:30:00
14-FEB-1978 19:40:00
21-FEB-1978 10:00:00
21-FEB-1978 16:00:00
11-MAR-1978 13:40:00
11-MAR-1978 17:40:00
14-MAR-1978 07:53:00
14-MAR-1978 12:23:00
14-MAR-1978 17:53:00
15-MAR-1978 09:53:00
15-MAR-1978 13:53:00
15-MAR-1978 18:53:00
16-MAR-1978 02:00:00
16-MAR-1978 02:45:00
16-MAR-1978 03:30:00
16-MAR-1978 05:30:00
17-MAR-1978 08:30:00

62



Mars50c Gravity Coefficents

Appendix 6

Order m, Cym, Spm, Sigma Cpp, Sigma Spm)

Normalized coefficients x 10-10
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1
2
0
1

2
3
0
1
2
3
4
0
1
2
3
4
5
0
1
2
3
4
5
6
0
1
2
3
4
5
6
7
0
1
2
3
4
5
6
7
8
0
1
2
3
4
5
6
7
8
9
0
1
2
3
4

8759197.
132.
-843122.
-119340.
38656.
-159257.
354141.
51505.
42392.
-11164.
65141.
1130.
-18240.
4833.
~42495.
33031.
-46875.
-44218.
14566.
18929.2
9528.8
9513.1
10349.7
17817.5
27853.0
8401.3
11439.3
27991.4
8403.9
23982.0
-3087.7
-5723.0
4192.0
4983.2
2028.6
16676.0
10871.2
.1
4
2
1
7
3
4
4
3
7
7
1
8
3
8
9
6
8
7
5

16265

-27955.
-10069.
-4937.
-3060.
-7386.
140.
11984.
-11677.
4037.
-23714.
8909.
-5441.
11962.
-12239.
13777.
15878.
-491.
-279.
-12144.

6.
496785.

252774.
84668.
251996.

37475.
-89633.
-2723.
128953.

20971.
-12248.
2541.
-33259.
38360.

-16257.
16124.
2440.
26518.
16289.
7853.

-1214.
-7319.
-4237.
-5259.
-13347.
-19362.
-17712.

6261.
6591.
-13273.
415.
-16262.
-17674.
16561.
-2638.

-2075.
1547.
-8942.
16965.
~15066.
5676.
9272.
-1763.
-6218.

-2557.
-9796.
3215.
-339.

(Degree n,
.0 134.6

8 30.7 31.
3 2.3 22,
.0 208.9

2 7.7 78.
7 79.7 T77.
6 36.7 35.
.0 311.4

6 139.5 150.
9 116.0 116
5 85.9 8l.
9 64.0 65.
.0 465.8

1 232.8 239,
1 176.6 184.
9 154.0 158
2 118.4 115.
5 77.8 79.
.0 719.0

6 377.9 386.
7 269.7 259.
5 260.8 256
5 181.3 179.
7 151.9 152.
5 100.8 97
0 1117.4

2 564.6 572
2 469.9 449
2 384.9 380.
8 292.6 285.
4 215.7 223.
7 179.0 179.
2 132.0 122.
0 1640.9

5 850.7 873.
3 769.5 740
0 544.1 542
4 434.7 435
9 345.9 340
1 251.2 245
8 213.3 218
7 149.4 143.
0 2314.0

2 1217.0 1229.
0 1213.8 1180.
2 804.8 814
4 672.6 661.
9 494.8 506.
2 374.7 386.
9 281.9 284
3 239.9 242,
0 171.2 184
0 2989.5

6 1648.6 1665.
9 1790.6 1752.
2 1166.7 1179.
0 997.6 1011.
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4880.
5242.
2418,
5420.
-15754.
-2146.
-8998.
-17039.
-3174.
-17809.
-16842.
9849.
~395.
8659,
-11046.
-3531.
4025,
-19.
9656.
-3205.

-8166.0 749
11369.9 548
~-7111.8 420
8104.4 321
-14585.3 277
8040.5 210
0 3621
2359.7 2100.
~11116.1 2367
8747.0 1583
-5269.7 1433
4991.2 1077
135.6 803
-8835.2 625
8284.7 461
-3903.7 355
19127.3 305
-3517.7 219
0 3857
-5438.8 2552
8030.3 2783
1594.1 2016
-880.1 1847
14056.2 1482
-15708.3 1135
-1582.3 921
-3964.5 679
4899.9 502
14379.0 398
-15625.3 325
~-1276.3 258
0 3747.
7271.7 2840
6307.7 2902.
5283.3 2347.
8342.7 2157.
-9087.9 1837.
-9362.3 1500
5408.9 1215.
900.9 973
9250.5 780.
-7406.3 544.
-9316.5 409.
-3375.9 347.
8543.9 286.
0 3165.

836.4 2804.
-3591.6 2719.
-5897.8 2412.
-9536.5 2279.
-4609.6 2042.
-61.6 1799.
2360.0 1490.
3684.4 1262.
9184.6 1100.
-14420.9 789.
1866.5 558

.2 740.

2423

302.

2766.
2715.

2302.
2100.
1781.
1502.
1269.
1109.
6 797.
.0 553,



Appendix 6: Mars50c gravity coefficients -- continued
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CWYWOo-JaWumikWNKHO

-4935.
9435.
-251.
5442.

488.

-4199.

-8238.

-6840.

-16303.

12884.
13756.
-3083.
-500.
-9150.
9980.
-195.
895.
-3919.
7927.
-1465.
-4338.
-5197.
-8954.
2071.
2314.
2123.

697

~2162.
-5900.
103.
4956.
973.
-1349.

-7639

2681.
3032.
-1239.
-575.

5312.
5506.
7316.
5820.
-1330.
-1810.
-3308.

3155

1387.
-4889.
-3577.
-3558.
11309.

1079

-3030.
-3224.
-1654.
~4505.

2724.

1120
-2672

-532.
-358.
5336.
3844.
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-3612.7 445.5 430.2

19837.
-7695.

8
2

.0

2750.
-8494.
-1458.
-7933.
-6984.

5487.

2019.

4640.
-3432.
-4142.

6574.

7184.

6971.
13735.

1096.

-4779.
-919.
2429.

487.
6958.
1589.
2602.
3200.

10653.
4714.

-4612.
7243.

-6695.

-8527.
3787.
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Appendix 6: Mars50c gravity coefficients -- continued
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Appendix 6: Mars50c gravity coefficients -- continued
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Appendix 6: Mars50c¢ gravity coefficients -- continyed
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6: Mars50c gravity coefficient:

s -- continued
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Appendix 6: Mars50c gravity coefficients -- continued
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Appendix 6: Mars50c gravity coefficients -- continued
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Appendix 6: Mars50c¢ gravity coefficients -- continyed
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Appendix 6: MarsS0c gravity

coefficients -- continued
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Appendix 6: Mars50c gravity coeffi

cients -- continued
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